A mathematical model of average nonuniform flow in heterogeneous stratified media is developed. The averaged Darcy's law is obtained by deriving the analytical expression of the effective conductivity tensor for media with small heterogeneities. The fundamental solution of the average flow equation (mean Green function) corresponding to the flow toward a single point source of deterministic discharge is derived. The mean head distribution is calculated for a fully penetrating well, for a finite length well in an infinite domain, and for a dipole well. The concept of equivalent conductivity is defined for use in identifying the formation conductivity properties. The procedure for identifying the mean conductivity, log conductivity variance, and vertical integral scale is suggested for the case of dipole flow.
of flow and transport are restricted by the assumption of uniformity of average flow. This prevents application of the concept of stochasticity in domains of nonuniformity of the mean flow, in particular, in the vicinity of wells. Previously, only very special aspects of nonuniform flow were considered [e.g., Shvidler, 1966 Shvidler, , 1985 Matheron, 1967; Dagan, 1989] . It is only recently that the stochastic approach was generalized for nonuniform flows in both steady [Neuman and Orr, 1993; Indelman and Abramovich, 1994 ] and unsteady cases [Indelman, 1996] . This approach proceeded by deriving the averaged equations and analysis of the properties of mean flow. The aim of the present work is to apply the general results of these studies to well hydraulics in heterogeneous layered formations.
We restrict our study to steady flow processes described by the flow equations q = -K(x)Vh V. q = •(x)
where q and h are the specific discharge and the hydraulic head, respectively; •k(x) is the deterministic source function; and K(x) is the random conductivity. The main result obtained by Indelman and Abramovich [1994] is an expression of the effective Darcy's law, which relates the mean specific discharge (q) and the mean head gradient ( It follows from (2)-(7) that for an arbitrary distribution of the sources qb the average head is given by (h(x)} = • dXG(x -X)ck(X) (8) for any statistics of the log conductivity.
The aforementioned results have been derived by Indelman and Abramovich [1994] for the boundary condition where the deterministic source function qb describing wells is given. The case of deterministic head is considered by Indelman et al. [1996] .
Expressions (2)-(8) constitute the mathematical model of average steady state flow driven by a system of sources and sinks. These equations permit one to determine the average flow quantities (mean head, its gradient, and mean velocity field), provided the tensor •nm(k) is known. This tensor was derived early for isotropic two-and three-dimensional cases and for exponential and Gaussian covariance functions [Indelman and Abramovich, 1994]. In the present study we investigate average flow in stratified formations. Although the layered structure represents a simplified model of natural heterogeneity, the properties of nonuniform average flow in such a medium are quite complicated.
The plan of the paper is as follows: Following the outlined procedure, we derive the analytical expressions for the effective conductivity tensor for layered structure and for exponential covariance in section 2. The mean Green function is calculated in section 3. In section 4 we illustrate the application of the mean Green function by investigating the flows driven by a fully penetrating well, by a well of finite length in an infinite domain, and by a dipole well. Section 5 discusses the concept of equivalent conductivity and its application to identifying formation properties from field experiments. Discussion of the concept of equivalent conductivity is carried out for the case of dipole flow; its generalization for other flow configurations is straightforward.
Effective Conductivity Tensor
We consider flow in porous formations of stratified structure. Let (x•, x2, x3) be the where Kn •ff is the inverse FT of Rn•ff(k) (no summation in (12) and (14)).
For isotropic media it has been shown that in general the directions of (q) and (E) do not coincide [Indelman, 1996] . However, if the mean flow is radial, the vectors (q) and (E) are collinear. For stratified media, because #• = #2 • #3, the direction of the mean discharge does not coincide with the direction of the mean head gradient, even for radial flow towards a single source.
It is easy to see that far from the well, that is, at the limit k • 0, •1 -' •2 -' 0, whereas .03 = 1. It follows from ( 
is the first-order correction to ho with G 2 given by (18). In the following we consider three cases of well flow driven by a fixed deterministic discharge, namely, flow to a fully penetrating well, to a well of finite length in infinite aquifer, and to dipole well. It is worthwhile to note that although the boundary condition of constant flux prevails in investigations, in many cases the correct condition on the well is that of constant head. Analysis has shown that the difference between the two solutions occurs in a small vicinity of the screen edges. To simplify the calculations we neglect this effect and solve the equations subject to constant discharge.
Several attempts to solve the flow equations in homogenous

Flow to a Fully Penetrating Well
For a fully penetrating well the source function is given by •b(x) = K/•(r) where r is a vectorial distance in the plane (x, X2) and K is the well discharge per unit screen length. Substituting •b into (21) dimensional structure. Note that although it is far from the well that the mean head tends to its distribution in homogeneous media, the asymptotic limit is approached at distances of several orders of magnitude of the integral scale from the well.
Note that (24) corresponds to flow towards a well of given deterministic constant discharge along the well screen. The case of given deterministic head was studied by Indelman et al. 
Dipole Well
During the last decade, interest has grown in so-called dipole flow, where the well consists of injection and production chambers separated in the middle by an impermeable packer with a pump. The water flows from the upper production chamber to the injection chamber through the pump and from injection chamber to the production chamber through the porous formation. Dipole flow has been studied in several recent publications [Kabala, 1993; MacDonald and Kitanidis, 1993; Zlotnik and Ledder, 1994, 1996] . In these investigations the aquifer is regarded as a deterministic anisotropic formation aries, so that the flow domain can be considered infinite. We also assume that no natural gradient is applied. Since the unsteady stage of the process is relatively short [Zlotnik and Ledder, 1994, 1996] , we solve the steady state flow equations. The boundary condition on the well screen for both the upper and lower chambers is that of a given discharge per unit screen length K = Q/(2A), that is, K for L -A _< z --< L + A and -• for-L -A -< z -< -L + A. In practice, rw << L, and this boundary condition is shifted to r = 0.
Under these assumptions the distribution of the mean head (h (d)) is simply expressed in terms of the mean head for a flow toward a finite length well in an infinite aquifer (h (P)(r, z) d)(r', z') = <h?)(r ', z')>lh(od)(r ', z') 
The function ½ (d)(r', Z') was calculated numerically, and its isolines are shown in Figure 5 Dagan, 1988, 1989] , it is expected that the average equation is applicable for subdomains and wells that are far from the boundaries. The quantitative assessment of this statement is left for future study.
The Equivalent Conductivity
The results of the previous sections permit one to determine the mean head distribution for an arbitrary configuration of the system. Alternatively, these solutions can serve for identifying the properties of the formation. Thus, in the case of stratified media and a weak heterogeneity, the formation structure is determined by the arithmetic mean K•, the logconductivity variance o-}, and the vertical integral scale I. The procedure for identifying the formarion's properties on the basis of radial flow in heterogeneous media was developed recently by Indelman et al. [1996] for the boundary condition of given head. The procedure is based on the concept of equivalent conductivity, defined by Matheron [1967] as the conductivity of the fictitious homogeneous medium which produces a well discharge equal to the mean discharge in the actual formation. A similar concept can be defined for the case where flux is the given condition.
The definition of equivalent conductivity depends on the type of experiment and the measurements. We define equivalent conductivity for the dipole well flow, for which the measurable quantity is the chamber's head. With rw being the effective well radius we regard the measured head as the head in the middle of the chambers and at the well's wall (i.e., at points r = rw, z = _+L). The mean head at the same points is given by <h ( 
Summary and Conclusions
This study is devoted to developing a mathematical model for average flow in stratified formations and to applying this model to identifying the formation properties. The approach is based on the previously developed general model for average flow [Indelman and Abramovich, 1994; Indelman, 1996] . The assumption that the formation has a layered structure significantly simplifies calculations and leads to solutions in the form of simple quadratures.
Our first result is the effective conductivity tensor and the nonlocal average Darcy's law. We have shown that in the principal coordinate axes of local conductivity, the n th component of the average velocity depends only on the same component of the mean head gradient, that is, the effective conductivity tensor has a diagonal structure. However, the direction of the mean velocity deviates from that of the mean head gradient. We show that at distances from the source much larger than the integral scale of the log conductivity, the effective conductivity tensor approaches its value for uniform flow in stratified media, that is, the arithmetic and harmonic means. In contrast, close to the well the effective conductivity tensor tends to the harmonic mean. head distribution for specific distributions of sources and sinks. We have restricted our discussion to single-well flow and have considered the three most typical cases: the fully penetrating well, the finite length well in an infinite aquifer, and the dipole well. For each case we derive the correction function •(x'), which should be used to multiply the head distribution in homogeneous media to adjust the latter to the mean head value. It is obvious that the mean head in any wells' system can easily be obtained from those considered in the paper. We have also discussed the solution of the flow problem in bounded aquifers. Our third result is related to the problem of identification of the formation parameters. We show how one can define the so-called equivalent conductivity in order to identify the log conductivity statistics from measurements of the head. This procedure was developed previously for well flow with a given head ]. Here we define a similar approach for the case of a given well-pumping rate. Although a discussion of dipole flow is given, the approach is easily applied to any other flow configuration. The theoretical development permits one to identify conductivity statistical characteristics if the average mean head can be estimated from the measurement procedure. We hope to apply this procedure to dipole flow in the field in future work.
The second result of the study is derivation of the funda-
